Abstract: Many recent studies have demonstrated a negative effect of small population size on single plant traits. However, not much is known about the actual consequences of reduced plant performance on the long-term prospect of species survival.
INTRODUCTION
Due to recent changes in land-use, many landscapes are becoming increasingly fragmented. As a consequence, populations of many species are becoming small and isolated. Species in small populations are strongly influenced by demographic stochasticity (e.g. DINNETZ & NILSSON 2002 , SAETHER et al. 2002 , KERY et al. 2003 , SNYDER 2003 . They may also suffer from reduced pollinator attraction (AIZEN & FEINSINGER 1994 , •GREN 1996 , KUNIN 1997 ) that reduces the level of outcrossing and increases the rate of self-fertilization (JENNERSTEN 1988 , VAN TREUREN et al. 1994 ). Due to this and the overall higher probability of mating with closely related individuals, small populations are expected to suffer from fixation of deleterious alleles due to genetic drift (ELLSTRAND & ELAM 1993 , YOUNG et al. 1996 and to be strongly affected by inbreeding depression (e.g. CHARLESWORTH CHARLESWORTH 1987 , MENGES 1991 , HUSBAND & SCHEMSKE 1996 .
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These possible dangers for small populations motivated recent studies that explored the effect of population size and/or genetic diversity on plant performance measured as seed production, seed germination or plant growth (e.g. SCHMIDT & JENSEN 2000 , MUSTAJARVI et al. 2001 , LIENERT et al. 2002 , PASCHKE et al. 2002 , OOSTERMEIJER et al. 2003 . Most of these studies indicate poorer performance of individuals in small populations. This information, however, is inadequate for making predictions for future population growth; this is feasible only after the data are connected with the full demography of the species. The only study that attempted this in plants was FISCHER & MATTHIES (1998) . They studied a strict biennial species whose dynamics are simpler than most other perennial plant species.
The aim of this study is to explore the effect of population size on the population growth rate and prospect of survival of a species occurring in fragmented habitats. I use matrix population models to quantify population growth rate and model species extinction probability. When doing this, collecting full demographic information on each population would be the most accurate method. This, however, is not feasible, since there are too few individuals in small populations to get sensible estimates of all life-cycle transitions. Moreover, collection of such an amount of data from many populations would be extremely time consuming. Here, I suggest an alternative approach involving data on full demography from few populations in combination with population-specific information on traits related to reproduction. I also make use of the wealth of techniques available to analyze matrix population models (e.g. HORVITZ et al. 1997 , EHREEN & VAN GROENENDAEL 1998 , DE KROON et al. 2000 , CASWELL I992, EHRLEN et al. 2001 , CALDER et al. 2003 and argue that matrix population models can help to select the relevant traits for studies on the effect of population size.
I use these approaches to study the effects of population size on population growth rate and extinction probability in an iteroparous perennial plant, Scorzonera hispanica, occurring on fragmented dry grasslands. I used 21 populations ranging from 3 to 2475 flowering individuals. I estimated total seed production per flower head and number of flower heads per plant under field conditions in each population. In three populations I studied the full demography of the species over three transition periods. Then I combined the information on single traits with the demography matrices to estimate population growth rate of each of the 21 populations. Because the effect of population size on plant performance may interact with the effect of local environmental conditions, I also estimated several environmental variables of the localities and studied the relationship between these variables, population size, single plant traits and population growth rate. This study was carried out in the Cesk6 Sffedohofi Mountains, an area of dry grasslands in northern Bohemia, Czech Republic. In the past the area was covered with a fine-scale mosaic of pastures and fields that were interconnected by grazing animals. At present, large areas of arable fields surround the remaining grasslands and all of the grasslands are abandoned. For this study, I used all 21 populations (Table I) that were found in a field survey of the area, ranging in size from 3 to 2475 flowering individuals ( Table 1) . The distance between neighboring populations is more than 500 m. The mean dispersal distance of seeds of the species is 1.2 to 7 m when estimated using the simple product of plant height, mean wind speed and seed terminal velocity, and up to 10 m when estimated using the model of TACKENBERG (2003) and TACKENBERG et al. (2003) . Moreover, the probability that a tail of the dispersal curve reaches a neighboring population is close to zero. Therefore, all the populations may be considered isolated.
MATERIALS AND METHODS

Study species and study area
Single plant traits
To estimate seed production, I randomly sampled 40 flower heads, one per plant, in each of the 21 populations, at the time of fruiting in early July 2003. If there were fewer than 40 individuals in a population all individuals were sampled. Plant height and total number of flower heads were recorded for each sampled plant. In each sampled flower head I counted the numbers of developed and aborted seeds, and estimated total weight of all developed and all aborted seeds. The weight of one seed was then estimated as the total seed weight divided by number of seeds.
To support my expectation that seed production is the most important parameter differing in populations of different size I germinated seeds from all the populations under common garden conditions and tested the effect of population size on germination percentage, and size of plants at the age of three months.
Life cycle
The variation in size of adult individuals was very low, and the life cycle of the species could be divided into three stages only. These were (i) small vegetative plants with a leaf width up to 1 cm and a length up to 15 cm (i.e., vegetative plants smaller than the maximum size that an individual could reach within a season), (ii) large vegetative plants, i.e., non-flowering individuals larger than small vegetative plants and (iii) 
Seedling recruitment
Because it was very difficult to find natural seedlings in high enough numbers for the study, seedling recruitment was estimated using a sowing experiment. To do this, ten 33 cmx 33 cm plots were marked at each of the three localities where the full demography was studied in two subsequent years (2001 and 2002) and 50 seeds from that locality were sown in each plot. Seedling recruitment was recorded in each plot as well as in a control plot with no seeds sown placed 20 cm from each sown plot, in the following June. The plots were checked for new small vegetative plants a year later to record delayed recruitment. The survival of the small vegetative plants in the plots was monitored also in the following season to provide information on their survival rates. There was no relationship between density of seedlings in the plot and seedling survival rate indicating that density dependence is not a problem in the experimental plots.
Environmental variables of the localities
Environmental variables were selected to capture the most important differences between localities. In the study communities the most important factors are assumed to be productivity and water availability (MIJNZBERGOVA 2004) . The following parameters were measured: inclination, aspect, soil water holding capacity, bulk density (weight of dry soil per volume) and aboveground biomass. Aboveground biomass was collected in 40 plots of 15 cm x 15 cm at peak standing crop in June 2002. There were five measurements of the other parameters within each locality; the mean of these values was used in the analyses. Data on inclination and aspect were used to calculate potential direct solar radiation. It was done by calculating the sum of the cosines of the angles between the sunrays and the locality over the whole day at 15-minute intervals. The calculation was done for the 21st day of each month between December and June. As some of these values are highly correlated, only data on direct radiation in January, June and the average over the whole period were used. Data on aspect were strongly negatively correlated with potential direct radiation in January and were therefore not used in the further analyses. Soil water holding capacity was measured as the amount of water bound in the soil monolith after it stood on a constantly wet filter paper for 24 hours. It was expressed as the amount of water retained per gram of dry soil.
Data analysis
I used principal component analysis (TER BRAAK • SMILAUER 1998) to identify correlations between single life-history traits in the species (plant height, number of flower heads per plant, number of developed and aborted seeds per flower head, total weight of all developed and all aborted seeds and weight of one seed, results not shown). From this analysis I was able to identify traits that best represented all the traits measured (traits correlated with other traits but not correlated with each other). I used only these selected traits (number of flower heads per plant, number of seeds per plant and per flower head) in the analyses below.
Stepwise regression was used to estimate the effect of environmental variables on population size, selected single plant traits and population growth rate. The environmental variables included in the resulting model were then used to remove the environmental effects in the regression analyses of the effect of population size on single plant traits and on population growth rate.
Data on the number of seeds per plant and per flower head were square root transformed before the analyses to gain normality. Population size was log-transformed in all analyses. All statistical analyses were performed using S-Plus (2000) . In all tests of the effect of population level parameters on plant traits population was used as an error term to take into account that number of degrees of freedom should reflect number of populations and not number of plants. Because there were less than 40 individuals sampled for estimating plant traits in four of the populations ] ran all the analyses also with these populations removed. Because this did not have any qualitative effect on the results, I present only results without removing these.
Population performance
Population growth rate is considered a standard measure to predict the future fate of populations given there is no strong between-year variation and the growth is density For this analysis, data from all three populations and three transition intervals were pooled. In this way I obtained a large dataset (1180 individual transitions) that provided accurate estimates of species demography. The individual transitions between stages were used to calculate stage specific transition probabilities that are a base for matrix population models. To quantify the transition probabilities not captured by these individuals (seed germination and seedling survival) I used mean results from the above-mentioned sowing experiment.
Such pooling of data from multiple population and years neglects between-year and between-population variation. However, the data were used to predict the fate of a larger number of populations in the region, and thus the main motivation was to get an accurate estimate of mean transition probabilities rather than estimates of the variation of these. Furthermore, predictions based on the pooled data were very similar to results based on stochastic simulations combining the nine matrices (3 populations x 3 transition intervals, not shown) suggesting that the two approaches are compatible in the study system. Both of these approaches, however, use only the available demographic data that come only from large populations. These transition rates may differ from those in the small populations (see e.g. HOOFTMAN & DIEMER 2002) .
The pooled data were used as an estimate of mean performance ofScorzonera hispanica in the study region (Table 2) . To estimate the population growth rate of each (target) population in the area this source matrix was combined with data on plant performance from the target population. This was done in two ways (2 levels of generalization), differing in what part of the source demographic matrix was replaced with population specific information: (i) replacing only data on seed production per flower head and (ii) replacing data on both seed production per flower head and flower head number per plant. These new matrices were then used to calculate the population growth rate of each target population.
Each estimate of transition probability and thus each estimate of population growth rate are confined with an error, because of the limited number of individuals that can be sampled. To take this into account I calculated bootstrap confidence intervals (ALVAREZ-BUYLLA & SLATKIN 1994) of the growth rate of each population. This was done by 1000 times bootstrapping the original data used to derive the source matrices and to estimate the population specific reproduction related transitions. I combined these data, calculated 1000 new population growth rate values for each population and each level of generalization and constructed confidence intervals of population growth rates for each level of generalization for each population (EFRON & TIBSHIRANI 1994) .
To estimate the importance of single life-cycle transitions for population growth rate I also estimated the mean elasticity of the Scorzonera matrix (DE KROON et al. 2000) . Further I calculated variation coefficients (SOKAL & ROHLF 1995) of all transitions using the bootstrapped data to see whether the traits with high elasticity are variable, and thus have the potential to change (ZUIDEMA & FRANCO 2001) .
Small populations may suffer from higher extinction risk not only due to overall worse performance of individuals, but also due to higher potential effects of demographic and environmental stochasticity. To estimate this risk, I took the existing number of flowering individuals in each population, used the corresponding transition matrix to calculate the number of small vegetative plants and large vegetative plants in stable stage distribution given the number of flowering individuals, and projected the growth of this population over 100 years. In each step, one of the 1000 bootstrap matrices corresponding to that population was randomly drawn and used to multiply the current population vector. To represent demographic stochasticity the resulting population size was in each step replaced with a random value drawn from Poisson distribution with the real population size as a mean (see MONZBERGOVA et al. 2005 for details). This procedure was replicated 1000 times for each population and for the two types of matrix models differing in the level of generalization. The results were evaluated in terms of probability of local extinction of each local population. The results of these simulations were compared to simulations where each population size was projected using matrices for all the populations. These simulations provided estimates of extinction probability of the populations given that they do not differ in local demography.
RESULTS
Effect of environmental variables
Environmental variables contributed significantly to most plant performance measures. The optimal model determined by stepwise regression explained 29% in number of seeds per flower head (Fl,18 = 7.4, P = 0.01, the only parameter in the resulting model was above-ground biomass), 50% of total variation in number of flower heads per plant (F3,16 = 5.28, P = 0.01, the resulting model contained inclination, bulk density and above-ground biomass) and no variation in total number of seeds per plant. Environmental variables explained 46% of the variation in population size (F1,18 = 15.05, P = 0.01, the only parameter in the resulting model was above-ground biomass).
Population size and single plant traits
Effect of population size was evaluated after removing the effect of the significant environmental variables. Population size had a positive significant effect on number of seeds per flower head (FI,15 = 5.3, P = 0.03, R 2 = 0.14) and marginally significant negative effect on number of flower heads per plant (Fl, 15 = 
Long-term projection of population growth rate
Ninety-five percent confidence intervals of all the population growth rates included the value 1 indicating that none of the populations is significantly growing or declining (Fig. 1) .
Because I wanted to demonstrate what is the pure effect of population size on population growth rate as well as what is the expected fate of small populations in general I estimated the effect of population size on growth rate both with and without removing the effect of the environmental variables significantly affecting the single plant traits.
When only data on seed production per flower head from the target populations were used to parameterize the matrix models, population size had a significant positive effect on population growth rate (pure effect FI, 17 = 13.0, P = 0.02, R 2 = 0.4 l, includin~ confounding effects of correlations with environmental variables Fl,18 = 5.0, P = 0.04, R = 0.15). The population growth rate ranged between 0.98 and 1.08 (Fig. 1A) . When both data on seed production per flower head and number of flower heads per plant (i.e., number of seeds per plant) were used the relationship became non-significant (environmental variables did not have any effect here, Fl.18 = 0.41, P --0.53, Fig. 1B ).
Mean elasticities and coefficients of variation of single transitions in Scorzonera hispanica matrices are listed in Table 2 . It shows that the most important transitions are survival of large vegetative individuals followed by survival of flowering individuals and that the most variable stages are related to reproduction and survival of small vegetative plants.
Extinction probability of a population over the next 100 years given that its local demography remains the same depends on population size. With the exception of population 2 (2,464 flowering individuals), populations with more than 100 flowering individuals had 100% survival probability. The simulations multiplying the population size with pool of all matrices from all the species further indicate that the extinction is largely driven by demography of the populations, but that also population size contributes to the extinction probability (Table 3) .
DISCUSSION
In this study I used matrix population models to explore the effect of population size on population performance. I did this by using full demography from a few populations of the target species and connecting it with data on individual traits from all studied populations. This approach enabled me to estimate the long-term effects of changes in single traits on prospect of species survival.
Effects of environmental variables
Habitat quality is commonly regarded as an important factor responsible for population decline (e.g. EISTO et al. 2000 , VERGEER et al. 2003 . Moreover habitat quality may also be the key factor affecting plant performance. In this study environmental conditions of the Fig. 1 . Relationship between population size and population growth rate (based on full demography of Scorzonera hispanica) with increasing realism of the estimates. In graph (A) population growth rate was estimated using only data on seed production per flower head from the target population, in graph (B) data on seed production and flower head number were used. Graphs show stochastic lambda with 95% confidence intervals. Only the relationship in graph (A) is significant. locality (mainly site productivity) affected all the single plant traits, except for number of seeds per plant. They also directly affected population size. These results show a complex relationship between habitat quality, plant traits and population size. Since these relationships could interfere with the effect of population size on plant performance, I removed these relationships from the data. The conclusions on the effect of population size are therefore independent of the environmental conditions in the populations.
Single plant traits and population size
Positive effect of population size on seed production per flower head found in this study is in agreement with many other studies relating population size and plant performance Table 3 . Survival probability over the next 100 years of each population of Scorzonera hispanica given its current population size and dynamics. Results are means of 1000 simulations and are done for both levels of generalization (Model 1 and 2). Model 1 includes only data on seed production per flower head from each population, model 2 includes also data on number of flower heads per plant from each studied population. Column Null contains results in which matrices for all the populations are included in the pool of matrices used to multiply each population vector, column Matrix contains results of multiplication of each vector with only the corresponding matrices.
Population
Population Null number size (e.g. MENGES 1991 , RAIJMANN et al. 1994 , HESCHEL & PAIGE 1995 , KI~RY et al. 2000 , FISCHER et al. 2000 . The absence of this relationship in the data on seed production per plant shows that the conclusion of the no relationship studies (e.g. WIDI~N 1993 , MORGAN 1999 , COSTIN et al. 2001 ) may not be due to an inherent nature of the species and that selection of different parameters may lead to other conclusions. Therefore it is crucial that not one but several parameters (ideally all the parameters describing plant performance from the seedling to the reproductive stage) are used in assessing the effect of population size on plant performance if the results are to be used to assess the endangerment status of the species.
Long-term projection of population growth rate
The projected long-term population growth rate was not significantly different from one for any of the populations, so even small populations could be expected to survive in the long run if the conditions remain the same. A decrease in seed production per flower head of smaller populations seems therefore not so important as would be assumed if the full demography data were not available. It should, however, be kept in mind that this conclusion is based on the assumption of constant environmental conditions and that adding more years to the study may change the pattern.
Population size had a significant positive effect on population growth rate when only data on seed production per flower head were used from the target populations. This was a clear result of the positive relationship between population size and seed production per flower head. Similarly to the pattern in single plant traits, this effect disappeared when data on seed production per plant rather than per flower head were used. This was due to higher number of flower heads per plant in smaller populations that was a result of higher productivity at their localities. Therefore, the higher productivity may partly compensate for the negative effects of lower population size on plant performance.
In spite of the fact that population growth rates of all populations are not significantly different from one, the data on extinction probability show that small populations (up to 100 flowering individuals) have quite high probability to go extinct. This happens as a combination of the effects of demographic and environmental stochasticity. Since the data come from three transition periods and three populations only, it could be argued that environmental stochasticity could be even higher, thereby further increasing the extinction risk of small populations.
The current results are based on the assumption that reproduction is the most sensitive stage of the life cycle. This is supported by the high variation of these traits in this dataset and has been repeatedly suggested by others (e.g. KI~RY et al. 2000 , LOISON et al. 2001 , PASCHKE et al. 2002 , VERGEER et al. 2003 . However data on survival of adult individuals (i.e., on transitions with the highest elasticity) in populations of different sizes are lacking, and their importance thus still remains an open issue for future studies (but see similar test by OLI 2003).
What traits to use in this type of study?
The ultimate aim of a study of this type is to estimate the relationship between population size and prospect of survival of the species. In the literature it is usually done by selecting a single life-history trait and determining its value over a range of populations. The traits used in these studies range from seed production per flower head (e.g. BRYS at al. 2004 ), seed germination (e.g. MENGES 1991 , VERGEER et al 2003 , seed dispersal ability (e.g. SOONS & HElL 2002) to plant growth under constant conditions (e.g. OUBORG & VAN TREUREN 1995) . The high diversity of traits considered in these studies, in spite of the common motivation, shows that the selection of an optimal trait to do this is not easy. It is obvious that many different traits will be affected by changed population size. Measuring multiple traits raises the question how to connect the information on all of these into one value.
In this study, I suggest that the use of matrix population models that directly estimate population growth rate of populations could be a solution. Compared to measuring single traits, this approach enables direct prediction of changes in population size. I demonstrated that using population models is possible even if full demography information is not available from all populations. Any piece of population specific information can be built in independently. Further more by applying analysis of elasticity and variation, matrix models also enable the indication of the important life history traits that are most important to population growth rate (CASWELL 2000) . In this case elasticity analysis suggests that the most important traits are survival of large vegetative and reproductive plants, while analysis of variation shows that it is the reproduction related traits, i.e., traits measured in this study, that can have the largest impact.
CONCLUSIONS
This study has demonstrated positive effects of population size on seed production per flower head. These effects are compensated by a higher production of flower heads on individuals in smaller populations. Using the demography model, I was able to show that in spite of the decline in plant performance due to lower population size, population growth rate of even the smallest population is not significantly different from one. Assuming that local conditions remain the same, all the populations have thus the potential to survive in the long run. However when demographic and environmental stochasticity is taken into account, it can be shown that populations below 100 flowering individuals have quite high probability to become extinct. This demonstrates the importance of demographic and environmental stochasticity for the fate of small populations.
This result is a first direct quantification of the importance of single plant traits for long-term population growth rate. I argue that this kind of quantification can provide valuable information and that wider use of matrix models in studies of population size on species performance may provide additional insight into prospects of survival of rare species. It may also provide a useful framework for combining data on several independent traits. By performing analysis of elasticity and variation matrix population models we can identify the most sensitive life-history transitions and direct the detailed research on these.
